Previously we demonstrated that aldehyde dehydrogenase (ALDH) 1a1 is the major ALDH expressed in mouse liver and is an effective catalyst in metabolism of lipid aldehydes. Quantitative real-time polymerase chain reaction analysis revealed a Ϸ2.5-to 3-fold induction of the hepatic ALDH1A1 mRNA in mice administered either acrolein (5 mg/kg acrolein p.o.) or butylated hydroxylanisole (BHA) (0.45% in the diet) and of cytosolic NAD ϩ -dependent ALDH activity. We observed Ϸ2-fold increases in ALDH1A1 mRNA levels in both Nrf2(ϩ/ϩ) and Nrf2(Ϫ/Ϫ) mice treated with BHA compared with controls, suggesting that BHA-induced expression is independent of nuclear factor E2-related factor 2 (Nrf2). The levels of activator protein-1 (AP-1) mRNA and protein, as well as the amount of phosphorylated c-Jun were significantly increased in mouse liver or Hepa1c1c7 cells treated with either BHA or acrolein. With use of luciferase reporters containing the 5Ј-flanking sequence of Aldh1a1 (Ϫ1963/ϩ27), overexpression of c-Jun resulted in an Ϸ4-fold induction in luciferase activity, suggesting that c-Jun transactivates the Aldh1a1 promoter as a homodimer and not as a c-Jun/c-Fos heterodimer. Promoter deletion and mutagenesis analyses demonstrated that the AP-1 site at position Ϫ758 and possibly Ϫ1069 relative to the transcription start site was responsible for c-Jun-mediated transactivation. Electrophoretic mobility shift assay analysis with antibodies against c-Jun and c-Fos showed that c-Jun binds to the proximal AP-1 site at position Ϫ758 but not at Ϫ1069. Recruitment of c-Jun to this proximal AP-1 site by BHA was confirmed by chromatin immunoprecipitation analysis, indicating that recruitment of c-Jun to the mouse Aldh1a1 gene promoter results in increased transcription. This mode of regulation of an ALDH has not been described before.
Introduction
The ALDH gene superfamily encodes enzymes that catalyze the NAD(P) ϩ -dependent oxidation of aldehydes generated from a wide variety of endogenous and exogenous processes to their corresponding carboxylic acids. At present, 19 functional ALDH genes have been identified in the human genome (Marchitti et al., 2008) . Among the ALDH isoforms, cytosolic mouse ALDH1A1 plays a critical role in oxidative metabolism of acrolein and 4-hydroxy-2-nonenal and protects hepatocytes from damage caused by these aldehydes (Makia et al., 2011) . The Aldh1a1 gene is highly expressed in the liver, lung, lens, gonads, and retina (Hsu et al., 1999 (Hsu et al., , 2000 and increased expression in the liver and lens has been postulated as the mechanism to protect these organs against oxidant and electrophile-induced cellular damage. Murine ALDH1A1 is important in retinoic acid (RA) biosynthesis by efficiently catalyzing the oxidation of all-trans-and 9-cisretinal (Molotkov and Duester, 2003) . It regulates normal growth, differentiation, and development of adult epithelia by synthesizing RA, a ligand for the nuclear RA receptor and retinoid X receptor. The Aldh1a1 gene is expressed at high levels in mouse hematopoietic stem cells and is critical for hematopoietic stem cell differentiation and function (Gasparetto et al., 2012) Because the substrate specificity and kinetics of murine and human ALDH1A1 are similar based on our studies and those of others (Xiao et al., 2009; Makia et al., 2011) , we characterized the molecular regulation of murine Aldh1a1. Such information may assist interpretation of future research using transgenic models to study aldehyde toxicity in atherosclerosis and cardiovascular medicine.
Although the human and mouse Aldh1a1 genes have been cloned and the promoter region characterized, little is known about the molecular mechanisms that regulate Aldh1a1 expression in mouse liver (Hsu et al., 1999; Elizondo et al., 2009) . Previous studies identified a putative RA response element located at position Ϫ91/Ϫ75 adjacent to the CCAAT box of the hALDH1A1 gene, which is conserved in mouse Aldh1a1. This RA response element is responsible for RA-mediated downregulation of hALDH1A1 and mouse Aldh1a1 gene expression through interaction of the RA receptor and CCAAT/enhancerbinding protein ␤ in human (HepG2) and mouse (Hepa1) hepatoma cells, respectively (Elizondo et al., 2000 (Elizondo et al., , 2009 . The down-regulation of ALDH1A1 by elevated hepatic RA is a negative feedback pathway to control RA biosynthesis because ALDH1A1 is a major enzyme involved in the biosynthesis of RA. Alnouti and Klaassen (2008) also reported induction of the Aldh1a1 gene in mouse liver by constitutive androstane receptor activators, presumably operating through a constitutive androstane receptor/pregnane X receptor binding site in the proximal promoter of the Aldh1a1 gene (Alnouti and Klaassen, 2008) . Aldh1a1 expression is enhanced by electrophiles and activators of Nrf2 (Thimmulappa et al., 2002; Lee et al., 2003; Hu et al., 2006; Leonard et al., 2006; Reddy et al., 2007) . It is not yet known whether the Aldh1a1 gene is a direct target of Nrf2, because most activators of Nrf2 also induce AP-1 proteins. Nrf2 is hepatoprotective against oxidative and electrophilic stress by up-regulation of electrophile-detoxifying genes (Nguyen et al., 2003; Reisman et al., 2009a,b) . Nrf2 activation is caused by electrophiles modifying sulfhydryl groups in Keap-1, which releases Nrf2, leading to nuclear translocation. In the nucleus, Nrf2 heterodimerizes with the small Maf proteins and binds to specific response elements termed antioxidant or electrophilic response elements (AREs) to coordinate expression of cytoprotective genes (Rushmore et al., 1991; Dinkova-Kostova et al., 2010) . AP-1 proteins can also serve as binding partners for Nrf2 but predominantly modulate gene expression as either homodimers of Jun family proteins (c-Jun, JunD, and JunB) or heterodimers with members of the Fos family FosB, Fra1, or Fra2) . There is compelling evidence to indicate that AP-1 proteins are hepatoprotective, especially against oxidative and electrophilic stress (Weitzman et al., 2000; Lamb et al., 2003; Tsuji, 2005; Hasselblatt et al., 2007) . To date, there has been little evidence for a role of AP-1 or Nrf2 in the regulation of ALDHs and detoxification of lipid-derived peroxidation products.
Our preliminary experiments with mouse liver after acrolein exposure or BHA feeding by microarray revealed a 2-to 3-fold up-regulation of Aldh1a1 expression along with that of other electrophile detoxification genes (N. L. Makia and R. A.
Prough, data not shown). These results support a model in which high acrolein levels stimulate Aldh1a1 gene expression, thereby enhancing acrolein metabolism and detoxification. The purpose of this study was to investigate whether well known electrophiles modulate the expression of Aldh1a1 in mouse liver and hepatocyte-derived cells. Because the major function of ALDH1A1 is to detoxify highly toxic lipid aldehydes, the induction of Aldh1a1 gene expression in mouse liver might be a mechanism to alleviate toxicity associated with lipid peroxidation and environmental aldehydes.
Materials and Methods
Chemicals and Reagents. BHA, tert-butylhydroquinone, propen-2-al (acrolein), 1,9-pyrazoloanthrone (SP600125; JNK inhibitor), 2-(2-amino-3-methoxyphenyl)-4H-1-benzopyran-4-one (PD98059; MEK inhibitor), and okadaic acid (OA) were purchased from SigmaAldrich (St. Louis, MO). AIN-76A diet and AIN-76A diet containing BHA were obtained from Purina Test Diet (Richmond, IN) . Antiglyceraldehyde-3-phosphate dehydrogenase antibody (clone 6C5) was purchased from Millipore Bioscience Research Reagents (Temecula, CA). Rabbit polyclonal antibodies against c-Jun (N), Jun D (329), Jun B (N-17), JNK (FL), phospho-JNK (G-7), c-Jun (D), c-Fos (4), and Nrf2 (C-20) and horseradish peroxidase-conjugated goat anti-rabbit, and goat anti-mouse antibodies were purchased from Santa Cruz Biotechnology, Inc (Santa Cruz, CA). Phospho-c-Jun (Ser63) II antibody was obtained from Cell Signaling Technology (Danvers, MA).
Animal Genotyping and Treatment. Wild-type C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME). Wildtype C57BL/6 (WT) and Nrf2 knockout [Nrf2(Ϫ/Ϫ)] male mice on a C57BL/6 background (22-27 g) were obtained from Professor Roberto Bolli, Division of Cardiovascular Medicine/Medicine, University of Louisville (Louisville, KY). Mice were maintained on AIN76A (Purina) diet or pair-fed an AIN-76A diet containing 0.45% BHA (Purina Test Laboratories) for 7 days. Acrolein (5 mg/kg b.wt.) was administered to mice fed a normal chow diet by gavage for 7 consecutive days. Mice were also treated with sulforaphane [1-isothiocyanato-4-methylsulfinylbutane (SFN)] (10 mg/kg) by gavage for 7 days. Control mice were either fed the AIN76A diet for BHA and SFN experiments or administered water by gavage for 7 days for acrolein experiments. The mice were euthanized 24 h after the last treatment; the livers were harvested and stored at Ϫ80°C until use. All procedures were performed in accordance with protocols approved by University of Louisville Institutional Animal Care and Use Committee.
RNA Isolation and qRT-PCR. RNA was isolated from mouse liver or Hepa-1c1c7 cells using TRI reagent (Molecular Research Center, Inc., Cincinnati, OH) as described previously (Makia et al., 2011) . In brief, Ϸ0.1 g of frozen liver tissue was homogenized in 1 ml of TRI reagent (Invitrogen, Carlsbad, CA). RNA was extracted using chloroform and purified using silica membrane spin columns (RNeasy reagent; QIAGEN, Valencia, CA). The mRNA levels of ALDH1A1, ALDH1A7, ALDH2, and ALDH1B1 and the Nrf2-regulated genes (HO-1, NQO-1, and GSTM1) were assessed by qRT-PCR using an absolute quantitation standard curve method. Total RNA isolated from mouse liver or Hepa-1c1c7 cells was reverse-transcribed to cDNA using the Advantage RT-for-PCR kit (Clontech Laboratories, Inc., Mountain View, CA) with random hexamer primers. RNase H was then used to degrade any residual RNA in the cDNA mix. qRT-PCR was performed with the ABI 7900HT Sequence Detector System (Applied Biosystems, Foster City, CA) using genespecific FAM-labeled LUX primers (Invitrogen). The primer specificity was determined by BLAST analysis against the whole mouse genome to verify single annealing sites. A plot of the Ct versus quantity of RNA indicated a linear relationship between the amount of template cDNA added to the reaction and the Ct values determined. All qRT-PCR experiments were performed in triplicate using cDNA samples from independent RNA sets, and the gene expression levels were normalized with 18S rRNA as an endogenous control. The data are expressed as means Ϯ S.D. and were analyzed by Student's t test. Values of p Ͻ 0.05 were considered to be significant.
Cytosolic ALDH Activity. The liver cytosolic fractions were isolated following a protocol adapted for preparation of liver microsomes (Remmer et al., 1966; Makia et al., 2011) . Glycerol was added to the 108,000g supernatant to a final concentration of 20%, and the supernatant stored at Ϫ80°C. The hepatic ALDH activity was spectrophotometrically measured in the cytosolic fractions isolated from mouse liver by monitoring the reduction of NAD ϩ or NADP ϩ at 340 nm as described previously by Lindahl and Petersen (1991) . Enzyme activity was assayed at 25°C in 50 mM sodium phosphate buffer (pH 7.4) containing 1 mM EDTA with either 1 mM NAD ϩ or NADP ϩ as cofactor (Makia et al., 2011) .
Western Blotting. Western blotting was performed as described previously (Makia et al., 2011) . Hepa-1c1c7 cells were treated with acrolein (20 M) at various time intervals (0, 1, 2, and 4 h). Cellular extracts isolated from mouse liver treated with BHA or Hepa-1c1c7 cells were separated by SDS-polyacrylamide gel electrophoresis and transferred onto a nitrocellulose membrane. Membranes were probed with antibodies against glyceraldehyde-3-phosphate dehydrogenase (1:10,000) at room temperature for 2 h or c-Jun (1:1000), phospho-c-Jun (1:1000), JNK (1:1000), and phospho-JNK (1:1000) at 4°C overnight. The membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit (1:10,000) or goat anti-mouse secondary (1:10,000) antibody, and the transferred proteins were visualized with the Amersham ECL Plus Western blotting detection system.
Transcription Factor Binding Site Analysis. The putative transcription factor binding sites of the murine Aldh1a1 5Ј-flanking region (Ϫ8000/ϩ27) were analyzed by Genomatix MatInspector software with emphasis on the binding sites for Nrf2 (A/GTGACNNNGC) and AP-1 (ATGAC/GTCA). The annotated sequence of the 5Ј-flanking region of the Aldh1a1 is shown in Supplemental Fig. 1 .
Plasmids and Cloning of Aldh1a1 Promoter Luciferase Constructs. Mouse genomic DNA was purchased from Promega (Madison, WI) and used to generate a 2002-bp fragment of the mouse Aldh1a1 5Ј-flanking sequence. This region spans from position Ϫ1963 to ϩ27 relative to the transcription start site. The upstream primer (5Ј-GGTACCAAATGGGCAGGCATGGTAAC-3Ј) introduced a Kpn1 site, whereas the downstream primer (5Ј-AGATCTTGGTTTG-GCTCCTGGAACAC-3Ј) introduced a HindIII site. The PCR amplification product was cloned into a pCR2.1 vector (Invitrogen). The sequence identity of the product was confirmed by sequence analysis in the University of Louisville Center for Genetics and Molecular Medicine Nucleic Acid core facility. Kpn1 and HindIII enzymes were used to subclone the 2002-bp Aldh1a1 promoter region into the pGL3-Basic vector (Promega) to generate the luciferase construct, p2.0Aldh1a1Luc (Ϫ1963/ϩ27Aldh1a1Luc). Three deletion constructs, 1534-bp (Ϫ1496/ϩ27), 1043-bp (Ϫ1005/ϩ27), and 518-bp (Ϫ480/ϩ27) fragments of the mouse Aldh1a1 promoter, were generated by PCR using the Ϫ1963/ϩ23 construct as template. The downstream primer for synthesis of the three deletion constructs was identical to that of the 2002-bp fragment. The following upstream primers, which introduced a Nhe1 site, were used to generate the PCR products for the deletion constructs: 1534 bp, 5Ј-GCTAGC-CATGGATCTGGCTGGATCTG-3; 1043 bp, 5Ј-GCTAGCGGAGGTG-GCAATTTCACTAC-3Ј; and 518 bp, 5Ј-GCTAGCGGTTTGCTGG-TAGCCATGTT-3Ј.
Nhe1 and HindIII were used to subclone the 1534-, 1043-, and 518-bp Aldh1a1 promoter fragments into pGL3-Basic to generate p1.5Aldh1a1Luc (Ϫ1496/ϩ27Aldh1a1-Luc), p1.0Aldh1a1Luc (Ϫ1005/ ϩ27Aldh1a1Luc), and p0.5Aldh1a1Luc (Ϫ480/ϩ27Aldh1a1Luc) constructs, respectively. A far upstream region of the Aldh1a1 promoter (position Ϫ4673) that contains a putative ARE/TRE site was also generated using the upstream primer 5Ј-GGTACCACTCAAATGGCTGAGC-CAATG-3Ј and a downstream primer identical to that of the 2002-bp fragment. This 4673-bp PCR fragment was cloned into pGL3 Basic using the Kpn1 and HindIII enzymes to generate the mouse Aldh1a1 promoter luciferase constructs, p4.6Aldh1a1Luc.
The expression plasmids for c-Fos (pRSV-cfos) and c-Jun (pRSVcjun) were provided by C. B. Pickett and T. Nguyen (Schering-Plough Research Institute, Kenilworth, NJ). The expression plasmids for JunD (pcDNA3.1-JunD) and JunB (pcDNA3.1-JunB) were kind gifts from S. K. Agarwal (Genetics and Endocrinology Section, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Bethesda, MD). The Nrf2 expression plasmid (pCI-Nrf2neo) was provided by K. S. Ramos (University of Louisville, Louisville, KY), and the pcDNA3.1-TAM67 expression plasmid was provided by D. J. Samuelson (University of Louisville). The plasmid pGSTYa-ARELuc (0.164Ya-ARELuc) containing 164 bases of the rat GST-Ya minimal promoter with a consensus ARE cloned upstream of the luciferase reporter gene was previously used as a positive control for Nrf2-dependent regulation of gene expression (Falkner et al., 1998) . A luciferase reporter construct containing the human collagenase TRE (pColTRELuc) was generated using a double-stranded oligonucleotide including Ϸ30 bp of the 5Ј-flanking region of the human collagenase gene centered on the defined AP-1 site. This plasmid is a functional positive control for AP-1 transcription activity; it is regulated similarly to the CAT construct reported by Nyguyen et al. (1994) .
Transfection of HepG2 Cells and Luciferase Reporter Assays. The human hepatoma cell line, HepG2 (American Type Culture Collection, Manassas, VA) was maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS; HyClone, Logan UT) and 1% antibiotic-antimycotic solution (Invitrogen). Cells were plated at a density of approximately 150,000 cells/ml per well in 12-well plates for 24 h. Cells were transfected using 1 g/2.5 l of Lipofectamine LTX and 1 l of Plus (Invitrogen)with 250 ng/well of p4.6Aldh1a1Luc (Ϫ4673/ϩ 27Aldh1a1Luc), p2.0Aldh1a1Luc (Ϫ1963/ϩ27Aldh1a1Luc), p1.5Aldh1a1Luc (Ϫ1496/ϩ27Aldh1a1-Luc), p1.0Aldh1a1Luc (Ϫ1005/ϩ27Aldh1a1Luc), p0.5Aldh1a1Luc (Ϫ480/ϩ27Aldh1a1Luc), pGSTYa-ARELuc, or pColTRELuc luciferase constructs. The cells were cotransfected with varying amounts of pRSV-cFos (0-80 ng), pRSV-cJun (0-80 ng), pcDNA3.1-JunD (0-80 ng), pcDNA3.1-JunB (0-80 ng), pcDNA3.1-Fra1 (0-80 ng), pcDNA3.1-Fra2 (0-80 ng), or pCI-Nrf2neo (0-200 ng). All plasmids were diluted in Opti-MEM I reduced serum media (Invitrogen). The plasmid lipofectamine complexes were transferred into each well containing cells and DMEM containing 10% FBS. The total mass of DNA being transfected was kept constant by cotransfection with blank plasmids such as pRSV (transfection with pRSV-cJun or pRSV-cFos) or pcDNA3.1 (transfection with pcDNA3.1-JunD, or pcDNA3.1-JunB vector) to demonstrate the absence of squelching. After incubation at 37°C for 24 h, the DMEM containing 10% FBS was replaced with fresh DMEM and then cells were treated with either 0.1% DMSO or various compounds at concentrations indicated in the figure legends. After overnight incubation (ϳ17-24 h), the growth medium was aspirated, and the cells were washed one time with PBS. The crude cell lysates were prepared by adding 0.1 ml of luciferase cell lysis buffer (Promega). The ␤-galactosidase and luciferase activities were measured as described previously (Falkner et al., 1998) . The data were expressed as luciferase activity relative to ␤-galactosidase activity to normalize for transfection efficiency. Cell lysates were measured for expression of c-Jun, c-Fos, JunB, and JunD by Western blot analysis. All transient transfection experiments were performed in triplicate, and experiments were repeated at least twice for confirmation.
Site-Directed Mutagenesis. Mutagenesis of the two putative AP-1 sites located at position Ϫ1069 and Ϫ758 of Aldh1a1 proximal promoter was performed using GeneTailor Site-Directed Mutagenesis systems (Invitrogen) following the Invitrogen protocol. In brief, the p1.5Aldh1a1Luc (Ϫ1496/ϩ27Aldh1a1Luc) luciferase construct as the template DNA was methylated using DNA methylase at 37°C for 1 h. The template strand was methylated to mark it for degra-AP-1 Regulation of Murine Aldehyde Dehydrogenase 1a1 603 at ASPET Journals on October 29, 2017 molpharm.aspetjournals.org dation by the host McrBC endonuclease. The methylated plasmid was then amplified by PCR with two overlapping primers, one of which contains the target mutation using Platinum Taq Polymerase High Fidelity (Invitrogen). The PCR conditions were as follows: 94°C for 2 min; 20 cycles of 94°C for 30 s; 55°C for 30 s; 68°C for 7 min (Ϸ6.5 kb plasmid); and 68°C for 10 min. The primers for mutagenesis of AP-1 sites located at positions Ϫ1069 and Ϫ758 are as follows: Ϫ758: sense, 5Ј-TCGACACTGCTTAGAGTAATAATAAACAAGTG-CACGC-3Ј; antisense, 5Ј ATTACTCTAAGCAGTGTCGAAGGAAA-GAAT-3Ј; Ϫ1069: sense, 5Ј-TATTTACAAATTGAGAAGCTAAATA-AAGGCAAAAAGA-3Ј; antisense, 5Ј-AGCTTCTCAATTTGTAAATA-CAGAGAGGAA-3Ј.
The PCR product, linear and double-stranded, was analyzed by a 1% agarose gel stained with ethidium bromide. The mutagenesis mixture was then transformed into One-Shot MAX Efficiency DH5␣-T1 Escherichia coli. The host E. coli circularized the linear mutated DNA and McrBC endonuclease in the host cell and then digested the methylated template DNA, leaving only the unmethylated and mutated product. The sequences of the recovered PCR products were analyzed by sequence analysis at the University of Louisville, Center for Genetics and Molecular Medicine Nucleic Acid core facility.
Preparation of Nuclear Extracts. Nuclear extracts were prepared from HepG2 cells transfected with either pRSV (vector control; 2 g/well) or pRSV-c-Jun (2 g/well) for 48 h using NE-PER nuclear and cytoplasmic extraction reagents (Thermo Fisher Scientific, Waltham, MA) according to the standard protocol. In brief, HepG2 cells (10 6 ) in 35-mm dishes were washed twice with ice-cold PBS and transferred to microcentrifuge tubes. Cells were then centrifuged at 1500g for 5 min. The supernatant was discarded, and the cell pellet was allowed to swell in ice-cold cytoplasmic extraction reagent I for 10 min with vigorous mixing of the tube to resuspend the cell pellet. Ice-cold cytoplasmic extraction reagent II was added, and the tube was again vigorously mixed for 1 min. The sample was then centrifuged at 16,000g for 5 min, and the cytoplasmic fraction was transferred to a clean tube. The insoluble pellet was resuspended in ice-cold nuclear extraction reagent and incubated on ice for 40 min with 15-s vortexing every 10 min. The tube was then centrifuged at 16,000g for 10 min; the nuclear extract (supernatant) was stored in aliquots at Ϫ80°C until used for electrophoretic mobility shift assay (EMSA). Protein concentration was determined by bicinchoninic acid protein assay (Thermo Fisher Scientific) using bovine serum albumin as standard.
EMSA. A nonradioactive LightShift Chemiluminescent EMSA kit (Thermo Fisher Scientific) was used to examine whether c-Jun/AP-1 binds to the putative AP-1 binding sites on the Aldh1a1 proximal promoter. The oligonucleotides used as probes or competitors in gel shift assays were end-labeled at their 5Ј ends with biotin, and the sequences are as follows: AP-1 site B: sense, 5Ј-TGCTTAGAGTA-ATGATTCACAAGTGCACG-3Ј; antisense, 5Ј-CGTGCACTTGT-GAATCATTACTCTAAGCA-3Ј; AP-1 mut B: sense, 5Ј-TGCT-TAGAGTAATAATAAACAAGTGCACG-3Ј; antisense, 5Ј-CGT-GCACTTGTTTATTATTACTCTAAGCA-3Ј; and AP-1 site C: sense, 5Ј-AATTGAGAAGCTCAGTCAAGGCAAAAAGA-3Ј; antisense, 5Ј-TCTTTTTGCCTTGACTGAGCTTCTCAATT-3Ј.
The complementary oligonucleotides were annealed using a thermocycler (GeneAmp PCR system 2400; Applied Biosystems). EMSA reactions containing 20 fmol of biotin end-labeled double-stranded probes and 5 g of nuclear proteins were incubated for 20 min at room temperature in a 1ϫ binding buffer with 5 mM MgCl 2 , 2.5% glycerol, 0.05% NP-40, and 50 ng/l poly(deoxyinosinic-deoxycytidylic) acid. The specificity of binding was determined by addition of a 25-to 100-fold excess of unlabeled double-stranded probes in the binding reactions. To further confirm specificity of binding, a 100-fold excess of unlabeled double-stranded probe with mutations at the AP-1 binding site was included in the binding reactions. For EMSA analyses, the binding reactions were incubated with rabbit polyclonal antibodies against c-Jun, c-Fos, or Nrf2 for 30 min at 4°C.
Loading buffer was added to the reactions, and the protein-DNA complexes were resolved by electrophoresis on 6% precast DNA retardation gel (Invitrogen) in 0.5ϫ TBE buffer (90 mM Tris-HCl, 90 mM boric acid, and 2.5 mM EDTA) at 100 V for 1 h. After electrophoresis, the binding reactions were then electrophoretically transferred onto a nylon membrane (Hybond-N ϩ , GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK) using 0.5ϫ TBE for 1 h at 100V. At the end of transfer, the transferred DNA-protein complexes were then cross-linked onto membranes using a UV cross-linker that was set at 120 mJ/cm 2 for an exposure time of 2 min. The biotin-labeled DNA was detected using the chemiluminescent nucleic acid detection module (Pierce) following their standard procedure for detection of immobilized nucleic acids.
Chromatin Immunoprecipitation Assay. C57BL/6 mice were fed an AIN76 diet (control) or a diet containing 0.45% BHA for 7 days. Animals were euthanized, and intact nuclei from the livers of control or BHA-treated mice were purified by a sucrose density gradient without disrupting the internal macromolecular interactions. The chromatin immunoprecipitation (ChIP) assay was performed using the MAGnify chromatin-immunoprecipitation system (Invitrogen) according to the manufacturer's protocol with minor modifications. The pure nuclei were suspended in PBS and fixed in 1% formaldehyde at room temperature for 20 min to cross-link the DNA binding proteins to cognate cis-acting elements. The crosslinking reaction was stopped by incubation with 125 mM glycine for 10 min at room temperature. The nuclei were harvested after 30 min, washed with PBS, and solubilized in buffer containing 50 mM TrisCl, pH 8.0, 1% SDS, 5 mM EDTA, 5 mM EGTA, and 0.5 mM phenylmethylsulfonyl fluoride with complete protease inhibitor mix (Roche Molecular Biochemicals, Indianapolis, IN). The homogenate was sonicated six to seven times on ice at 40% setting (Branson sonicator) to shear the chromosomal DNA into fragments of Ϸ500 bp in size. The insoluble material was removed by centrifugation at 20,000g at 4°C for 5 min, and the soluble chromatin supernatant (chromatin extract) was stored at Ϫ80°C until use. Before use, the chromatin extract was diluted 10-fold with dilution buffer containing 20 mM Tris-Cl, pH 8.0, 1% Triton X-100, 1.2 mM EDTA, and 150 mM NaCl. The cross-linked protein-DNA fragments were immunoprecipitated by overnight incubation of diluted chromatin with antibodies against IgG (control), c-Jun (2 g), or c-Fos (2 g) conjugated to Dynabeads Protein A/G. The immune complexes were washed sequentially with immunoprecipitation buffer 1 and 2, and the protein-DNA cross-links were reversed by heat treatment in reverse crosslinking buffer containing proteinase K. The non-cross-linked DNA pulled down by the different antibodies was purified using DNA purification magnetic beads. The purified DNA was analyzed by realtime PCR (ABI 7900HT Sequence Detector System; Applied Biosystems) with primers spanning the putative AP-1 sites B (position Ϫ758) and C (position Ϫ1069) in the proximal promoter of the Aldh1a1 gene. The sequences of the ChIP primers are as follows: AP-1 site B: forward, 5Ј-GTTCCTTCCATATCTTGTGCTGGG-3Ј; reverse, 5Ј-GAGGTGCGT-GCACTTGTGAATCAT-3Ј; and AP-1 site C: forward, 5Ј-TCCT-TCAAGGTCTGTGACCAAAGC-3Ј; reverse, 5Ј-AACAGGGACCTGAG-GAGTGTGTTT-3Ј.
Statistical Analysis. Data were analyzed with Student's t tests or one-way analysis of variance (ANOVA) followed by the Tukey test using SigmaStat software (SigmaStat 3.5; SPSS, Chicago, IL). Comparisons were made between appropriate groups, and differences were considered to be statistically significant at a p level of 0.05. Results are expressed as means Ϯ SD. Alnouti and Klaassen, 2008) . Initial microarray studies were performed in collaboration with C. A. Bradfield, University of Wisconsin (Madison, WI) using the EDGE cDNA microarray (Hayes et al., 2005) . The results indicated that acrolein feeding increases Aldh1a1 (Ϸ2-fold) gene expression in mouse liver. Hepatic Aldh1a1 mRNA levels were also induced (Ϸ3-fold) in mice by treatment of mice with BHA that is rapidly metabolized to the electrophile/oxidant, tbutylhydroquinone. To confirm these microarray data, we examined whether acrolein or BHA induces the expression of the Aldh1a1 gene in mouse liver. C57BL/6 mice fed a laboratory chow diet were treated with water (control) or acrolein (5 mg/kg b.wt. by gavage daily for 7 days). The daily human consumption of unsaturated aldehydes is estimated to be Ϸ5 mg/kg b.wt. No hepatocellular damage was observed in mice exposed to this dose of acrolein (Conklin et al., 2010) , indicating that 5 mg/kg b.wt. is a sublethal concentration of acrolein. Significant damage to the liver was observed when mice were administered an acrolein dose of 10 mg/kg. Mice fed an AIN76A diet were also administered SFN (10 mg/kg b.wt.) daily by gavage or fed an AIN-76A diet containing 0.45% BHA for 7 days. Aldh1a1, Nqo-1, and Ho-1 gene expression in mouse liver was analyzed by qRT-PCR (Fig. 1A) . ALDH1A1 mRNA levels were significantly increased in mouse liver by acrolein (Ϸ4-fold) or BHA (Ϸ2.5-fold) treatment compared with those in controls. As expected, acrolein treatment induced the expression of antioxidant and electrophile detoxification genes, Nqo-1 (Ϸ2.5-fold) and Ho-1 (Ϸ3.5-fold) gene. Nqo-1 and Ho-1 expression was increased by BHA treatment as indicated by Ϸ9-and Ϸ2.5-fold increases in mRNA levels, respectively (Fig. 1A) . The isothiocyanate, SFN, is believed to be a classic activator of only Nrf2 (Nguyen et al., 2009; Ahn et al., 2010) , whereas BHA and acrolein modulate gene expression by activation of either Nrf2 or AP-1 (Choi and Moore, 1993; Lee and Murray, 2010) . As anticipated, HO-1 (Ϸ5-fold) and NQO-1 (Ϸ3-fold) mRNA levels were significantly induced by SFN, but no significant induction of Aldh1a1 gene expression was observed with SFN ( Fig. 1A) . These results suggest that the mechanism of induction of prototypical Nrf2-regulated genes, Ho-1 and Nqo-1, by electrophiles differs from that of Aldh1a1.
Results

Regulation of
Consistent with the changes in ALDH1A1 mRNA levels noted above, hepatic cytosolic NAD ϩ -dependent ALDH activity was increased in mice treated with either acrolein (Ϸ4-fold) or BHA (Ϸ4.5-fold) using 1 mM propionaldehyde and NAD ϩ as substrate and cofactor, respectively (Fig. 1B) . The basal NADP ϩ -dependent activity was unaffected by treatment with either acrolein, BHA, or SFN. From our previous studies, we demonstrated that propionaldehyde is a good substrate for ALDH1A1 and that ALDH1A1 only uses NAD ϩ as cofactor in oxidative metabolism of this aldehyde (Makia et al., 2011) . Even though the V max for ALDH3A1 relative to ALDH1A1 is large, the mRNA levels of endogenous Aldh3a1 gene in normal mouse liver are negligible, suggesting that the major isoform that contributes to NAD ϩ -dependent ALDH activity induced by acrolein or BHA in mouse liver is most likely ALDH1A1. These results validate our microarray data, which demonstrate the induction of hepatic Aldh1a1 gene expression and other electrophile detoxification genes by BHA or acrolein. Because neither NAD ϩ -nor NADP ϩ -dependent cytosolic ALDH activity was increased in mouse liver by SFN, even at a concentration of 10 mg/kg, these data suggest that Nrf2 is not likely to be involved in electrophileinduced Aldh1a1 expression.
Induction of Aldh1a1 Gene Expression by BHA in Nrf2(؉/؉) and Nrf2(؊/؊) C57BL/6 Mouse Liver. To more directly assess the role of Nrf2 in electrophile-induced transcription of Aldh1a1, Nrf2(ϩ/ϩ) and Nrf2(Ϫ/Ϫ) mice on a C57BL/6 background were fed 0.45% BHA in an AIN76 diet for 7 days, and mRNA levels of Aldh1a1 and known Nrf2 For the acrolein experiment, C57BL/6J mice fed a laboratory chow diet were treated with water (control) or 5 mg/kg acrolein by gavage daily for 7 days (n ϭ 5). For BHA and SFN experiments, C57BL/6J mice fed an AIN-76 diet were fed a diet containing 0.45% BHA for 7 days or administered 10 mg/kg SFN daily for 7 days by gavage (n ϭ 4). Total RNA was extracted from the liver and reversetranscribed to cDNA, and qRT-PCR analysis of Aldh1a1, NQO-1, and HO-1 gene expression was performed as described under target genes, such as Gstm1, Nqo-1 and Ho-1 were determined by qRT-PCR. The exposure of mice to BHA resulted in a Ϸ2-fold increase in mRNA levels of hepatic Aldh1a1 expression in both Nrf2(ϩ/ϩ) and Nrf2(Ϫ/Ϫ) mice compared with those in untreated controls of the same genotype (Table 1) (p Ͻ 0.05 significance by two-tailed t test). However, the basal expression of Aldh1a1 was significantly reduced in Nrf2(Ϫ/Ϫ) mice compared with that in Nrf2(ϩ/ϩ) mice. The up-regulation of Nqo-1 (8.8-fold), Gstm1 (10-fold), and Ho-1 (2.6-fold) expression by BHA in Nrf2(ϩ/ϩ) mice was significantly reduced in Nrf2(Ϫ/Ϫ) mice, consistent with BHA-induced expression of these genes being mediated by Nrf2. However, the fold induction of Aldh1a1 gene expression by BHA in Nrf2(ϩ/ϩ) mice was not statistically different from that observed in Nrf2(Ϫ/Ϫ) mice, suggesting that BHA-induced expression of Aldh1a1 is probably independent of Nrf2 and due to other transcription factors.
Regulation of AP-1 Gene Expression by Acrolein or BHA in Mouse Liver. The AP-1 proteins are activated by increased gene expression, increased phosphorylation, and DNA binding capacity. To examine whether electrophile-induced expression of the Aldh1a1 gene is dependent on AP-1, we assessed the mRNA levels of c-jun and c-fos in the livers of BHA-treated mice. We observed significant induction of c-jun (Ϸ2.0 fold) and c-fos (Ϸ1.8 fold) expression in Nrf2(ϩ/ϩ) mice after BHA treatment ( Fig. 2A) . In Nrf2(Ϫ/Ϫ) mice, basal expression of c-fos and c-jun was markedly lower than that in Nrf2(ϩ/ϩ) mice, suggesting that basal c-jun and c-fos gene expression is also modulated by Nrf2. The expression of AP-1 genes in Nrf2(ϩ/ϩ) and Nrf2(Ϫ/Ϫ) mice parallels that of the Aldh1a1 gene ( Fig. 2A ; Table 1 ) and, thus, the low basal expression of Aldh1a1 in Nrf2(Ϫ/Ϫ) mice could be due to an indirect effect of Nrf2 on expression of AP-1 genes in these mice. We observed Ϸ4.0-and 2.0-fold induction in the mRNA levels of c-jun and c-fos genes, respectively, in mouse liver after acrolein treatment per os (Fig. 2D) . The acrolein-induced expression of c-jun and c-fos gene in Hepa-1c1c7 cells was consistent with that observed in mouse liver (Fig. 2D) .
To further test our hypothesis that Aldh1a1 gene expression is regulated by AP-1 proteins, we assessed the protein levels and phosphorylation status of c-Jun in cellular extracts from Nrf2(ϩ/ϩ) mice exposed to BHA. Western blot analysis with antibodies against c-Jun and phospho-c-Jun was performed in extracts from the livers of Nrf2(ϩ/ϩ) mice exposed to a control diet or a diet containing BHA (Fig. 2, B and C). We observed significant increases in both protein levels and phosphorylation status of c-Jun in BHA-treated mice livers compare with those in controls. The effect of acrolein on c-Jun activation was assessed in Hepa-1c1c7 cells. Hepa-1c1c7 cells were treated with acrolein (20 M) at various time intervals and the activities of JNK and c-Jun were analyzed by Western blot with antibodies against phospho-c-Jun and phospho-JNK1/2 (Fig. 2E) . We noticed increased phosphorylation of c-Jun 2 h after treatment of cells with 20 M acrolein. The kinetics of c-Jun phosphorylation were similar to that of its upstream kinase, JNK1/2. Thus, the results of increased levels of c-Jun and increased phosphorylation of c-Jun and JNK1/2 implicate the JNK signaling pathway and its downstream substrate c-Jun in electrophileinduced expression of the Aldh1a1 gene.
Aldh1a1 Transcriptional Activity Is Not Induced by Nrf2. To confirm that the mechanism of Aldh1a1 transcription by acrolein or BHA is not mediated by Nrf2, luciferase reporter gene assays using constructs containing portions of the Aldh1a1 5Ј-flanking sequence (positions Ϫ1963 to ϩ27 relative to the transcription start site) were used. These sites were conserved in the rat and human ALDH1A1. An Oct1 binding site and a CCAAT box were identified at position Ϫ68 and Ϫ87 relative to the transcriptional start site, respectively. This promoter region of the Aldh1a1 gene contains putative AP-1 (positions Ϫ1516, Ϫ1069, Ϫ758, and Ϫ60) and Nrf2 (positions Ϫ665, Ϫ1068, and Ϫ1753) binding sites, whose sequence closely resembles the canonical TRE (TGACTCA) and ARE (TGACNNNGCA), respectively (Supplemental Fig. 1 ). HepG2 cells were transfected with the Aldh1a1 luciferase construct (p2.0Aldh1a1Luc) containing the Aldh1a1 promoter cloned upstream of the luciferase gene with increasing concentrations of Nrf2 expression plasmids (0-200 ng). As a control for electrophile-induced transcription of ARE genes dependent on Nrf2, cells were transfected with the pGSTYa-ARE luciferase construct that contains the consensus ARE sequence and the minimal promoter of the rat glutathione transferase A2 gene cloned upstream of a luciferase gene (Falkner et al., 1998) . As anticipated, we noticed a concentration-dependent increase in GSTA2 ARE-driven transcriptional activity (normalized to ␤-galactosidase activity) by Nrf2 compared with the vector control (Supplemental Fig. 2) . In contrast, overexpression of Nrf2 failed to stimulate tran- qRT-PCR analysis of gene expression in the liver of Nrf2(ϩ/ϩ) and Nrf2(Ϫ/Ϫ) mice on C57BL/6 background in response to dietary administration of the phenolic antioxidant, BHA. Values are average fold change per genotype in the liver of Nrf2(ϩ/ϩ) and Nrf2(Ϫ/Ϫ) mice. The Nrf2(ϩ/ϩ) mice were fed either an AIN-76A diet (control, n ϭ 4) or a diet supplemented with 0.45% BHA (treated, n ϭ 4) for 7 days. The Nrf2(Ϫ/Ϫ) mice were fed chow diet only (control, n ϭ 3) or diet supplemented with 0.45% BHA (treated, n ϭ 3). RNA extracted from the liver was reversed-transcribed to cDNA. The mRNA levels of Aldh1a1, Aldh1a7, Aldh2, Aldh1b1, Ho-1, Nqo1, and Gstm1 gene expression were analyzed by qRT-PCR. For each sample, a single mRNA was analyzed in triplicate, and the average is shown.
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Inducible Fold Induction scriptional activity of the Aldh1a1 promoter construct. We also assessed the effect of Nrf2 on an Aldh1a1 luciferase construct containing a 4.6-kb fragment of the Aldh1a1 promoter. This construct also did not demonstrate any significant difference in promoter activity by Nrf2 compared with the vector control. These transient transfection experiments are consistent with our observations in Nrf2(Ϫ/Ϫ) and Nrf2(ϩ/ϩ) mice treated with SFN, suggesting that electrophile-induced expression of Aldh1a1 is independent of Nrf2, but dependent on JNK/c-Jun activation. Increased Aldh1a1 Promoter Luciferase Activity by AP-1. We examined the effect of AP-1 proteins on Aldh1a1 transcriptional activity by promoter luciferase reporter assay in HepG2 cells. Cells were cotransfected with either p2.0Aldh1a1Luc or the AP-1-positive control (pColTRE) luciferase constructs and with c-Jun, c-Fos, or both c-Jun and c-Fos expression plasmids. The pColTRE construct contains the TRE sequence from the human collagenase gene cloned upstream of a luciferase gene and is a positive control for AP-1-dependent gene transcription (Angel et al., 1987) . Overexpression of c-Jun resulted in an Ϸ4-fold induction in Aldh1a1 transcriptional activity (Fig. 3A) . The overexpression of c-Jun in HepG2 cells was verified by Western blot analysis (Supplemental Fig. 2 ). The regulation of Aldh1a1 gene promoter activity by c-Jun and c-Fos was different from that of the prototypic AP-1 responsive gene, the human collagenase gene. As shown in Fig. 3A , both c-Jun and c-Fos are required for induction of collagenase TRE luciferase activity. This synergism between c-Jun and c-Fos for induction of collagenase TRE activity was absent in the Aldh1a1 gene, To test the effect of c-Fos on Aldh1a1 promoter activity, we transiently cotransfected HepG2 cells with p2.0Aldh1a1Luc or pColTRELuc luciferase constructs and constant amounts of c-Jun (40 ng) with increasing additions of c-Fos to the cells (0-40 ng) (Fig. 3B) . Although increasing c-Fos resulted in a concentration-dependent increase in the transcriptional activity of collagenase TRE, increasing concentrations of c-Fos caused a concentration-dependent decrease in Aldh1a1 promoter activity, suggesting that c-Fos displays a dominantnegative effect on c-Jun-mediated transactivation of Aldh1a1 promoter activity (Fig. 3B) . These results indicated that transcriptional activation of Aldh1a1 promoter was mediated by the c-Jun homodimer and that increased expression of c-Fos caused inhibition of c-Jun homodimer formation. We also assessed the role of c-Jun dominant-negative protein (TAM67) on acrolein-mediated Aldh1a1 transcription (Fig.  3C ). HepG2 cells were cotransfected with p2.0Aldh1a1 and either c-Jun, TAM67, or both c-Jun/TAM67 expression plasmids. The c-Jun-mediated increases in Aldh1a1 promoter activity were enhanced by acrolein treatment. However, acrolein or c-Jun-induced transcription of Aldh1a1 was abrogated by overexpression of TAM67, supporting the importance of c-Jun in electrophile-induced transcription of Aldh1a1.
Jun AP-1 Family Proteins Activate Aldh1a1 Transcriptional Activity. Previous studies indicated that the Jun family members (c-Jun, JunD, and JunB) induce the expression of genes as either homodimers or heterodimers with members of the Fos (c-Fos, FosB, Fra-1, and Fra-2) family. We tested the effect of increasing concentrations of c-Jun, JunD, or JunB on Aldh1a1 transcriptional activity in HepG2 cells. As shown in Fig. 4 , c-Jun (Ϸ3-fold), JunD (Ϸ2.5-fold), or JunB (Ϸ4.5-fold) at a concentration of 80 ng significantly transactivates Aldh1a1 promoter activity compared with that of controls. However, at lower concentrations (20 ng), only c-Jun showed significant induction of Aldh1a1 luciferase activity, suggesting increased potency of the c-Jun homodimer compared with that of homodimers of other Jun family members. This discrepancy may be due to the differences in the promoters of the backbone plasmids with CMV promoter for the other family members (JunD and JunB) and c-Jun promoter driven by RSV. However, Western blot analysis of HepG2 cell lysates from cells transfected with expres- Fig. 2) .
Previous studies showed that Nrf2 induces the expression of cytoprotective genes by forming active heterodimers with AP-1 proteins, in particular c-Jun (Lee and Murray, 2010) . We examined whether there is cross-talk between c-Jun and Nrf2 in Aldh1a1 transcriptional activation. Cells were transfected with p2.0Aldh1a1Luc with varying concentrations of c-Jun (0-40 ng) and Nrf2 (0-80 ng) ( Supplemental Fig. 4) . Luciferase activity normalized to ␤-galactosidase activity was assessed in these cells 48 h after transfection. Overexpression of Nrf2 had no effect on c-Jun-mediated transactivation of Aldh1a1 promoter activity (Supplemental Fig. 3 ), demonstrating that Nrf2 does not regulate Aldh1a1 expression either by itself or as heterodimer of c-Jun/Nrf2.
Role of Mitogen-Activated Protein Kinases in Electrophile-Mediated Transcription of Aldh1a1. The activities of AP-1 proteins are regulated by mitogen-activated protein kinases (MAPKs), such as p38, extracellular signalregulated kinase 1/2, and JNK. The activation of JNK by oxidative stress or electrophile is known to promote phosphorylation of its downstream target c-Jun, thereby increasing transcriptional activity of c-Jun (Eferl and Wagner, 2003) . HepG2 cells were cotransfected with p2.0Aldh1a1 luciferase construct and c-Jun expression plasmid, followed by treatment with 0.1% DMSO, 50 M SP600125 (JNK inhibitor), 50 M PD98059 (MEK inhibitor), or 40 nM OA (phosphatase 2a inhibitor) for 17 h. Aldh1a1 promoter activity was diminished when cells were treated with JNK (SP600125) or MEK (PD98059) inhibitors (Fig. 5) , suggesting that inhibition of the JNK signaling pathway also abrogated the c-Junmediated transactivation of Aldh1a1 promoter activity. Presumably, OA inhibits phosphatase 2a, affecting the phosphorylation state of c-Jun and increasing basal Aldh1a1 promoter activity, but displayed little or no effect on c-Junmediated transcriptional activation of the Aldh1a1 gene after c-Jun induction and phosphorylation has occurred.
These results indicate that the JNK signaling pathway plays a critical role in electrophile-mediated transcriptional activation of the Aldh1a1 gene.
Characterization of AP-1-Like Elements Responsible for c-Jun-Mediated Transactivation of Aldh1a1 Promoter Activity by Deletion and Mutagenesis Analysis. The analysis of the proximal promoter of Aldh1a1 by Genomatix MatInspector Professional software revealed four putative AP-1-like elements at positions Ϫ1516, Ϫ1069, Ϫ758, and Ϫ60 (Supplemental Fig. 1 ). The p2.0Aldh1a1 construct containing the Ϫ1963 to ϩ27 fragment of the Aldh1a1 proximal promoter was used as a template for the generation of three deletion constructs: p1.5Aldh1a1 (Ϫ1496/ϩ27Aldh1a1Luc), p1.0Aldh1a1 (Ϫ1005/ϩ27Aldh1a1Luc), and p0.5Aldh1a1 (Ϫ480/ ϩ27Aldh1a1Luc) with progressive deletion of the AP-1-like elements. HepG2 cells were cotransfected with the Aldh1a1 promoter deletion mutant luciferase constructs and a plasmid encoding c-Jun protein. The deletion of the AP-1-like element at position Ϫ1516 had no significant effect on c-Jun-mediated transactivation of Aldh1a1 luciferase activity (Fig. 6A) . The deletion of the putative AP-1 sites at positions Ϫ1069 and Ϫ758 significantly decreased transactivation of Aldh1a1 luciferase activity by c-Jun. Thus, deletion analyses indicate that the region containing these two AP-1-like elements at positions Ϫ758 (AP-1 site B) and Ϫ1069 (AP-1 site C) are important for c-Jun-dependent transactivation of Aldh1a1 transcriptional activity.
To investigate the importance of the AP-1-like elements at positions Ϫ1069 and Ϫ758 in the activation of the Aldh1a1 luciferase construct by c-Jun, these putative AP-1 elements were mutated by site-directed mutagenesis. The mutation of the proximal putative AP-1 element at position Ϫ758 (p1.5Aldh1a1MutB) resulted in an Ϸ50% reduction in c-Junmediated activation of Aldh1a1 promoter activity compared with that for the p1.5Aldh1a1WT (WT) constructs (Fig. 6B) . However, mutation of the distal AP-1 sequence at position Ϫ1069 (p1.5Aldh1a1MutC) only modestly (Ϸ26%) decreased Aldh1a1 luciferase activity compared with the WT plasmid. Double mutation of the putative AP-1 elements at sites B and C in the promoter of the Aldh1a1 gene further attenuated c-Jun responsiveness, indicating that both AP-1-like elements at sites B and C contribute to c-Jun-dependent transactivation of the Aldh1a1 gene, and the AP-1 at site B apparently plays a more dominant role than that at site C.
EMSA Analysis to Assess Nuclear Protein Binding to AP-1-Like Elements in the Proximal Promoter of the Aldh1a1 Gene. The nuclear extract isolated from HepG2 cells transfected with plasmid encoding c-Jun was incubated with biotin-labeled double-stranded probes containing AP-1-like elements B (position Ϫ758) and C (position Ϫ1069). We observed formation of a DNA-protein complex when labeled probe spanning AP-1-like element B was incubated with nuclear extract but not with site C (Fig. 7A ). The specificity of nuclear proteins binding to the AP-1-like element B was examined by competition with unlabeled WT probe or unlabeled mutant probe containing mutations at the AP-1-like element at site B. The nuclear proteins isolated from HepG2 cells overexpressing c-Jun were allowed to form complexes with unlabeled WT (25-to 100-fold) or mutant probe (100-fold) before incubation with biotin-labeled probes spanning the AP-1-like element at site B. The results demonstrate that a 100-fold excess concentration of unlabeled WT probe completely competed with the biotin-labeled probe containing site B for AP-1-binding proteins (Fig. 7A) . Thus, excess unlabeled specific WT probe effectively inhibited the formation of protein complexes with the biotin-labeled probe containing AP-1 element at site B. However, preincubation with unlabeled mutant probe resulted in little or no loss of the DNAprotein complex with the biotin-labeled AP-1B site for protein binding ( Supplementary Fig. 5 ). These results indicate that the nuclear proteins from HepG2 do not form DNA complexes under the conditions used in this assay, with the AP-1-like element at site C, but bind instead to site B. Transfection data support the conclusion that the B site is a stronger affinity response element for AP-1 than the C site. The C site may require other yet unknown protein factors to bind before AP-1 binding and act synergistically to facilitate AP-1-dependent gene transcription.
To identify the composition of the nuclear proteins that form complexes with the AP-1-like element at site B (position Ϫ758), assays were performed when binding reactions were incubated with antibodies against c-Jun, c-Fos, or Nrf2 at 4°C for 30 min (Fig. 7B) . Incubation of nuclear protein-DNA complexes with antibodies against c-Jun, but not against c-Fos or Nrf2, blocked the formation of the nuclear protein-DNA complex. Similar experiments have been performed ChIP experiments were used to assess whether BHA promotes recruitment of c-Jun to these putative AP-1 binding sites at B (position Ϫ758) and C (position Ϫ1069) in the proximal promoter of Aldh1a1. Using c-Jun or c-Fos antibodies, the complexes containing crosslinked AP-1 proteins to the cognate AP-1 elements were pulled down from chromatin extracts prepared from the livers of control or BHA-treated mice. The DNA fragments were then analyzed by qRT-PCR with primers spanning the AP-1-like elements at B or C in the proximal promoter of the Aldh1a1 gene. As shown in Fig. 7C , liver extracts from BHA-treated mice showed Ϸ10-fold increases in recruitment of c-Jun to the AP-1-like element at site B compared with the IgG control. The recruitment of c-Fos to the AP-1-like element at site B in BHAtreated mice, although higher than in control mice, was comparable with that in the IgG control. These results confirm that BHA promotes enhanced binding of c-Jun to the AP-1 Fig. 7 . EMSA analysis indicates the formation of a nuclear protein complex with the AP-1-like element at site B (position Ϫ758) but not with the AP-1-like element at site C (position Ϫ1069). A, biotin-labeled double-stranded probes were incubated for 20 min with 5 g of nuclear extracts from HepG2 transfected with c-Jun expression plasmids. In the competition experiments, a 25-to 100-fold excess of unlabeled double-stranded probes was included in the binding reactions. The protein-DNA complexes were resolved by electrophoresis and detected using chemiluminescence. The result shown in this figure was identical to that of three other independent experiments. B, analysis using precipitating antibodies confirms that a protein in the nuclear extract that binds to the AP-1 site B is c-Jun and not c-Fos or Nrf2. EMSAs were performed by incubating nuclear extracts from HepG2 cells overexpressing c-Jun with a biotin-labeled probe containing the AP-1B site of the mouse Aldh1a1 promoter. In SuperShift experiments with antibodies, the binding reactions were incubated with either 1 or 2 g of rabbit polyclonal c-Jun or c-Fos or Nrf2 antibodies for 30 min at 4°C. molpharm.aspetjournals.org B site, and this correlates with increased transcriptional activity. The recruitment of c-Jun to the AP-1-like element at site C was comparable with that of site B (Fig. 7D) . However, this result contradicts our EMSA experiment, in which we demonstrated the absence of nuclear protein complexes with the AP-1-like sequence at site C. This disparity might be due to the close proximity of the AP-1-like elements at sites B and C, which are only 300 bp apart. The sonication method used for DNA shearing in the ChIP experiment generated DNA fragments of Ϸ500 bp. Thus, inefficient shearing of the DNA might produce a single DNA fragment containing both AP-1-like elements.
Discussion
BHA, known to be rapidly metabolized to the electrophile t-butylhydroquinone, increases the expression of many cytoprotective genes by direct activation of the redox-and electrophile-sensitive transcription factor, Nrf2, or by indirect activation of the protein kinase signaling pathways, such as MAPK (Choi and Moore, 1993; Wu et al., 2006; Yuan et al., 2006; Lee and Murray, 2010) . BHA-induced expression of Nrf2 target genes, Nqo-1, Ho-1, and Gstm1 in Nrf2(ϩ/ϩ) mice is significantly reduced in Nrf2(Ϫ/Ϫ) mice, implicating Nrf2 in BHA-induced expression of many of these genes (Table 1) . Studies using keap1-knockdown (kd) mice with constitutively active hepatic Nrf2 (Reisman et al., 2009b) demonstrated that mRNA levels encoded by the Nqo-1 and Gstm1 genes were significantly increased in keap1-kd mice compared with those in WT mice [Nrf2(ϩ/ϩ)], suggesting that the activation of Nrf2 is important for induced expression of these genes. However, Reisman et al. (2009b) also noted that expression of several genes was not altered, implying that other signaling systems may be involved in increased gene expression due to BHA administration.
We show in this report that the fold induction of Aldh1a1 mRNA expression by BHA in Nrf2(ϩ/ϩ) mice was not significantly different from that in Nrf2(Ϫ/Ϫ) mice, suggesting that BHA-mediated transcription of the Aldh1a1 gene is independent of Nrf2. Aldh1a1 mRNA expression in the livers of keap1-kd mice was comparable with that of WT mice (Reisman et al., 2009b) , supporting the hypothesis that inducible Aldh1a1 gene expression by electrophiles is regulated by an Nrf2-independent mechanism. Analysis of the mouse gene expressing ALDH1A1 by the Genomatix MatInspector software demonstrated in the 5Ј-flanking region between position Ϫ1963 to ϩ27 relative to the transcriptional start site contains AP-1-like (Ϫ1516, Ϫ1069, Ϫ758, and Ϫ60) and Nrf2-like (Ϫ665, Ϫ1068, and Ϫ1753) binding sites. Although there was a concentration-dependent activation of GSTYa-ARE luciferase activity by Nrf2, increasing concentrations of Nrf2 failed to stimulate Aldh1a1 promoter luciferase activity (Supplemental Fig. 2) in the absence or presence of expressed c-Jun. In addition, the Aldh1a1-luciferase construct containing the 4.6-kilobase region of Aldh1a1 promoter was also unresponsive to Nrf2. The basal and BHA-induced expression of c-jun and c-fos genes were significantly reduced in Nrf2(Ϫ/Ϫ) mice compared with that in the Nrf2(ϩ/ϩ) control mice, suggesting that the Nrf2 may modulate the basal and BHA-induced expression of the AP-1 genes. Studies in Nrf2(Ϫ/Ϫ) mouse embryonic fibroblast documented the regulation of AP-1 gene expression by Nrf2 (Yang et al., 2005) . Thus, the low basal expression of c-jun and c-fos possibly explains the reduced expression of Aldh1a1 gene observed in Nrf2(Ϫ/Ϫ) mouse liver but not the fold induction of gene expression caused by BHA administration. Using deletion and mutation analysis of the 5Ј-flanking region of Aldh1a1 defined two AP-1 sites at positions Ϫ1069 and Ϫ758 of the 5Ј-flanking region, that seem to be involved in Aldh1a1 regulation. Subsequent experiments using EMSA and ChIP analysis demonstrate that the AP-1 site at position Ϫ758 and to a lesser extent the site at position Ϫ1069 are responsive elements responsible for increased gene expression caused by increased levels of c-Jun. Use of inhibitors of protein kinase and protein phosphatase 2 demonstrated that phosphorylated c-Jun is most likely essential for increased Aldh1a1 gene expression. Other members of the c-Jun superfamily also activate the gene, but c-Fos overexpression suppresses Aldh1a1 reporter expression, demonstrating that c-Jun homodimers regulate this gene. Nrf2 had no effect on expression, in contrast to the results with CYP2J2 (Lee and Murray, 2010) .
The role of AP-1 transcription factors in induction of genes involved in oxidative metabolism has been less well characterized to date. Aldehydes such as acrolein or 4-hydroxy-2-nonenal have been reported (Forman, 2010) to regulate several signaling pathways, including AP-1 and Nrf2. Lipid-derived aldehydes were also shown to induce the expression of electrophiledetoxifying genes by activation of MAPKs such as JNK (Wu et al., 2006) . For example, oxidative stress-induced expression of human ferritin H gene was shown to be dependent on activation of JunD (Tsuji, 2005) . Abrogation of c-Jun-dependent gene activation by c-Fos was previously reported by Marden et al. (2003) , who demonstrated that whereas c-Jun homodimers strongly activated CYP2J2 expression, heterodimers formed between c-Fos and c-Jun were not active. The up-regulation of CYP2J2 gene transcription by BHA is dependent on the binding of both c-Jun and Nrf2 involving an atypical AP-1-like element in the proximal promoter of CYP2J2 (Lee and Murray, 2010) . The c-Jun-mediated activation of the human atrial natriuretic peptide promoter is also inhibited by overexpression of c-Fos (Kovacic-Milivojevic and Gardner, 1992) . Thus, the murine Aldh1a1, atrial natriuretic peptide and human CYP2J2 genes show a similar pattern of regulation by c-Jun homodimers. Because CYP2J2, Aldh1a1, CYP2c29 (I. Amunom and R. A. Prough, unpublished results), and CYP2C9 (N. L. Makia, R. A. Prough, and Goldstein, unpublished results) all metabolize aldehydes such as acrolein and 4-hydroxy-2-nonenal and are regulated by AP-1 transcription factors, it is interesting to speculate that these enzymes may form a battery of genes regulated via AP-1 signaling to protect cells from toxic aldehydes therefore representing a previously underappreciated mode of regulation of genes encoding aldehyde-oxidizing enzymes. This area of research will require continued analysis of these genes by molecular and informatics analysis.
In summary, we have provided evidence that Aldh1a1 gene expression is induced by environmental pollutants and exogenous electrophiles, such as acrolein and BHA and that increased expression of Aldh1a1 gene by electrophiles is dependent on c-Jun proteins but not on Nrf2 or c-Fos proteins. We also described an AP-1-like sequence at position Ϫ758 that plays a critical role in Aldh1a1 gene expression by electrophiles. The induction of Aldh1a1 gene expression in the mouse liver probably represents a mechanism of the liver to protect itself 612 against electrophile and oxidant-induced damage generated from endogenous and exogenous compounds or during inflammatory disease conditions. Because the mouse and human enzyme display very similar substrate specificity and enzyme kinetics (Xiao et al., 2009; Makia et al., 2011) and the 5Ј-flanking regions are significantly conserved between the species, normal and transgenic mice may allow the testing of the protective effects of ALDH1A1 against lipid aldehyde toxicity associated with atherosclerosis and cardiotoxity of endogenous and exogenous aldehydes.
